Background: The functional disability and high costs of treating anterior cruciate ligament (ACL) injuries have generated a great deal of interest in understanding the mechanism of noncontact ACL injuries. Secondary bone bruises have been reported in over 80% of partial and complete ACL ruptures.
including muscle loading 11, 58 and axial compression 39 to generate ACL strain. However, these and other studies have failed to consistently produce ACL injuries with a clinically relevant distribution of soft tissue and bony injuries commonly reported to occur in patients who have sustained ACL injuries.
Clinical, biomechanical, and video analysis studies have demonstrated that an anterior tibial shear force, 6, 13, 34, 36 and knee abduction 5, 15, 32, 33, 45 and internal tibial rotation moments 4, 37, 38, 44 are the most likely loading conditions responsible for noncontact ACL injuries. However, there is still controversy and debate about the exact mechanism responsible for noncontact ACL injuries. Axial compression across the knee joint caused by ground-reaction force during initial landing may generate severe tibiofemoral articular cartilage loading. 38, 47 Subsequently, load transferred from articular cartilage to subchondral bone may often result in bone bruises associated with microfractures of the subchondral or trabecular bone or, in severe cases, tibial plateau fractures. 19, 25, 41, 42, 48, 54, 56 Various bone bruise patterns of the tibia and femur, and bone contusions of the lateral tibial plateau, as seen on magnetic resonance imaging (MRI) scans, yy have been observed in more than 80% of partial or complete ACL tears. 41, 54, 55 Understanding the relationship between bone bruise patterns (locations) and loading conditions may help identify ACL injury mechanisms. 47 The objectives of this biomechanical laboratory study were (1) to quantify ACL strain under a range of physiologically relevant loading conditions to identify high-risk loading factors for ACL injuries and (2) to evaluate both soft tissue and bony injury patterns associated with applied loading conditions thought to be responsible for many noncontact ACL injuries with the goal of determining the relationship between loading mechanisms and resultant injury patterns. To accomplish this goal, an experimental model capable of generating an ACL injury by reproducing a range of loading conditions experienced during highrisk activities was developed.
The current study employed a unique custom-designed drop stand with physiologically relevant drop weights and drop heights in an effort to apply various combinations of axial compression, anterior tibial shear force, and knee abduction and internal tibial rotation moments that have been associated with landing. The complete loading path from ground contact with the shoe through the foot and knee has been incorporated into this model. In this way, load transmission and associated damping maintain fidelity with real-world conditions. We hypothesized that identified high-risk loading factors would cause different injury/ disruption patterns across the ACL and secondary anatomic structures, which are correlated with applied physiologically relevant loading conditions during a simulated landing from a jump. These established correlations would further help evaluate the mechanism of noncontact ACL injuries and potentially help with the development of better prevention strategies.
MATERIALS AND METHODS

Specimen Preparation
Seventeen unembalmed, fresh-frozen cadaveric lower limbs (age, 45 6 7 years; 9 female and 8 male) were used in this study. Each specimen was inspected visually and by computed tomography and MRI for signs of soft or hard tissue injuries including ACL disruption. No obvious signs of injury were observed. Specimens were sectioned at the midfemur (30 cm above the joint line). The proximal femur (up to 15 cm superior to the joint line) of each specimen was potted in polyester resin for rigid attachment to the testing frame. The quadriceps (rectus femoris) and hamstring (semitendinosus, biceps femoris, and semimembranosus) tendons were isolated and captured inside metal tendon grips to allow for the application of simulated muscle loads. Otherwise, the skin, musculature, and other soft tissue structures were not disrupted. The foot and ankle joint were maintained intact to provide a realistic load-transfer interface. Specimens were stored at -20°C. Before testing, specimens were slowly thawed to room temperature.
Testing Apparatus
A custom-designed testing apparatus was used to simulate landing from a jump under a wide range of loading conditions ( Figure 1) . 30 Each specimen was rigidly fixed at the proximal femur to a 6-axis load cell (B9401, RA Denton Corp, Rochester Hills, Michigan), while the tibia was orientated vertically with the foot positioned superiorly. All specimens were tested at 25°of flexion. This flexion angle is typical of injurious events based on video analysis studies of ACL injuries. 32 The load cell was suspended such that the orientation of the femur could be rotated about all 3 axes to align the tibia with the vertical loading axis. A mass pulley system was used to apply 1200 N to the quadriceps tendons and 800 N to the hamstring tendons, yy while maintaining the physiological line of action of each tendon. To apply anterior tibial shear force and internal tibial rotation moment, an external fixation frame was rigidly attached to the tibia such that points of load application were located about the approximate knee center of rotation. Also, an integrated pulley system was placed on the midtibial shaft to apply knee abduction moments. The combination of static hanging weights and cable pulley system produced forces to generate an anterior tibial shear force and produced force couples to generate pure knee abduction and internal tibial rotation moments ( Figure 1 ). As unconstrained force couples (free to move with the specimens) were used to generate pure moments in this study, their action was independent of the point of application. Thus, the abduction moment could be applied at any point along the tibia. The set value of the externally applied loads was maintained constant throughout each test. To change the load magnitude, different static weights were used.
While the proximal potted femur was rigidly fixed, the distal extremity was not constrained until it was placed in contact with the floor pad after loading and positioning the specimen. This allowed for the unconstrained application of external loads. After all external loads were applied, the tibia was vertically aligned by rotating the femoral fixture, and an athletic shoe was placed on the foot. Floor contact was simulated by an inverted floor pad set upon the shoe that was maintained in a horizontal position by a series of 3 vertically aligned linear bearings. Subsequent to alignment of the tibia, the floor pad was set upon the shoe to simulate a foot-planted position, maintaining the ankle in the neutral position. The foot-shoe-floor plate complex served to simulate a realistic load transfer. An impactor was designed, utilizing a series of 3 vertically oriented linear bearings to guide a mass into the floor plate in line with the tibia. Impacts were initiated by releasing either half body weight (350 N) or full body weight (700 N) from 30 or 60 cm above the foot to simulate a vertical landing 15 by impacting the floor pad in a standard drop-stand configuration. A second 6-axis load cell (2586, RA Denton Corp) embedded in the floor plate was used to capture all forces and moments applied to the specimen during impact.
Analog data were collected at 4 kHz. Two arrays of 3 infrared light-emitting diode markers were rigidly attached to the femur and tibia to capture knee kinematics using an Optotrak 3020 (Northern Digital, Waterloo, Ontario, Canada) 3-dimensional motion capture system at 400 Hz. The ACL strain was calculated based on measurements from a differential variable reluctance transducer (DVRT) (MicroStrain Inc, Williston, Vermont) with a linear range of 63 mm that was arthroscopically placed on the anteromedial (AM) bundle of the ACL.
14 Average strain across the transducer was calculated based on the change in length of the measured segment using the following equation:
where L is the instantaneous length measured across the DVRT, and L 0 is the length measured across the DVRT at the reference length of the ligament. Reference length was calculated as the distinct inflection point in the force versus DVRT displacement during 4 continuous cycles of anterior-posterior shear loading. 13, 22 The selected inflection point was chosen as the proper reference between ligament-taut and -slack states. Therefore, the reference length is not dependent on the initial gauge length of the DVRT at the time of insertion. 
Loading Protocol
Multiple combinations of knee abduction and internal tibial rotation moments with or without anterior tibial shear force under axial impact were used to establish 2 loading groups: 1 that focused on the effects of the knee abduction moments, and 1 that focused on the effects of the internal tibial rotation moments on ACL strain (Table 1) . Specimens were randomly assigned to each loading group and sequentially tested from condition 1 through 20 or until hard or soft tissue failure was observed. Observations of the mechanical response during testing were considered as indicators of ACL failure. Such observations included but were not limited to a sudden and unrecovered shift in anterior tibial translation (unrecovered anterior tibial shift .5 mm) and ACL strain (unrecovered elevated strain .2%). Subsequently, manual evaluation of joint laxity was followed by arthroscopic inspection to confirm ACL failure. Both loading protocols have similar starting and ending combinations to facilitate comparisons between specimens, while evaluating a broad range of injurious conditions.
Clinical Evaluation
After dynamic testing (simulated landings), a boardcertified orthopaedic surgeon, fellowship trained in sports medicine, carefully dissected each specimen to evaluate the injury to the anatomic structures about the knee joint. Tissue damage and general conditions were photographically documented during dissection. Thorough anatomic inspection included the cruciate ligaments (anterior and posterior), collateral ligaments (medial and lateral), posterolateral corner (PLC) (popliteal tendon and popliteofibular ligament), menisci (medial and lateral), articular cartilage (femoral condyle and tibial plateau), bony structures (femur and tibia), and knee capsule. Care was taken to document the type and location of the injuries to address the hypotheses.
Statistical Analysis
A general linear model was used to evaluate the effects of anterior tibial shear force, and knee abduction and internal tibial rotation moments on peak ACL strain under failure loading conditions. The general linear model is an extension of the multifactorial analysis of variance (ANOVA), which is used to investigate the complex relationships between dependent and multiple independent variables. This approach was employed to statistically quantify the effect of different loading factors on calculated peak ACL strain at failure over a range of the treatment group sizes. A x 2 test for independence was conducted on the clinical observations of resultant injuries to investigate the relationship between injury patterns and loading mechanisms. This test was used to examine whether specific factors affect the distribution of binomial (ie, yes or no) outcomes.
RESULTS
Anterior cruciate ligament failure was generated in 15 of 17 specimens (88%). Details of ACL strain at failure and sustained an ACL injury because of combined knee abduction and internal tibial rotation moments, and anterior tibial shear force under axial impact. A summary of the observed injury patterns across the knee joint is provided in Table 3 . The general linear model showed that only knee abduction moment significantly contributed to calculated peak ACL strain at failure (P = .002), while neither additional anterior tibial shear force (P = .41) nor internal tibial rotation moment (P = .76) affected the peak ACL strain at failure significantly. Tibial plateau damage (both articular cartilage and subchondral bone) was sustained in 11 of 17 cases (65%). Substantial damage to the articular cartilage without observable bony damage was seen in the tibial plateau for 1 of 17 cases (6%) and in the femoral condyles for 5 of 17 cases (29%). Representative photographs are provided to demonstrate common injury patterns in Figure 2 . Of 11 tibial plateau injuries, cartilage damage along with depression of the subchondral bone occurred across the midlateral tibial plateau (group I) in 6 specimens, posterolateral aspect of the tibial plateau (group II) in 4 specimens, and bicondylar across the posterior aspect of the tibial plateau (group III) in 1 specimen. Group I injuries were associated with knee abduction moment alone (with and without anterior tibial shear force) in 3 cases, combined knee abduction and internal tibial rotation moments (with anterior tibial shear force) in 2 cases, and anterior tibial shear force alone in 1 case. Group II injuries occurred under an internal tibial rotation moment (without anterior tibial shear force) in 3 cases and anterior tibial shear force alone in 1 case. The x 2 test for independence showed that ACL disruption patterns (type: partial/complete, AM/ posterolateral [PL] bundle; location: femoral insertion/midsubstance/tibial insertion/avulsion) were independent of applied loading conditions. No statistically significant relationship was observed between injury patterns across the MCL, LCL, PCL, menisci and femoral condyles, and loading conditions. Only the tibial plateau injury patterns (locations) were demonstrated to be significantly dependent on applied loading conditions for both cartilage damage (P = .002) and depression of the subchondral bone (P = .005).
DISCUSSION
Bone bruise patterns of the femur and tibia as well as bone contusions of the tibial plateau are common complications associated with partial or complete ACL ruptures in over In this study, simulated landings from a jump were conducted on 17 cadaveric specimens using a custom-designed drop stand. The current findings were not able to support the first part of our hypothesis that a relationship exists between ACL disruption patterns (type: partial/complete, AM/PL bundle; location: femoral insertion/midsubstance/ tibial insertion) and loading mechanisms, leading to injury, as the x 2 test demonstrated that ACL disruption patterns were independent of applied loading conditions. Statistical findings demonstrated that tibial plateau injury patterns (locations) were significantly dependent on applied loading conditions. These findings support our second hypothesis that resultant injury patterns across the secondary knee structures are correlated with loading conditions during a simulated landing. Tests were designed to evaluate the effects of anterior tibial shear force and knee abduction and internal tibial rotation moments under dynamic axial loading on ACL biomechanics as well as the type of secondary injuries that occur in other anatomic structures during ACL injuries. Anterior cruciate ligament failures were produced in 88% of specimens, demonstrating a clinically relevant distribution of ACL failure patterns that are commonly observed in patients experiencing noncontact ACL injuries. Injuries to the MCL, articular cartilage, and subchondral bone across the tibial plateau were observed, as are often associated with ACL injuries. The relevance and reproducibility of results in this study demonstrate that our testing protocol closely simulates the complex and sometimes violent environment that leads to ACL injuries in vivo.
Our findings demonstrate the significant role of the knee abduction moment on ACL strain under different modes of simulated landing employing a novel method. While no specific relationship was discovered between ACL disruption patterns and landing mechanisms, a strong correlation was observed between tibial plateau injury (both articular cartilage and subchondral bone) patterns (locations) and landing mechanisms.
Biomechanical data from video analyses and in vivo studies demonstrate an increase in the risk of ACL injury under valgus rotation of the tibia. 5, 21, 32, 33 Our data support 
Articular Cartilage Damage Location Specimens
abduction as an important component of the ACL injury mechanism, as 67% of specimens failed under a loading condition that included an abduction moment. Using a general linear model, data demonstrate that only knee abduction moment played a significant role in peak ACL strains preceding injury under axial impact as tested in this study. Anterior tibial shear force used in the statistical model represents the externally applied shear force that was used to simulate the effects of different factors such as excessive quadriceps contraction, 11, 59 acceleration and deceleration, 51 or other factors that may lead to anterior tibial shear force. This applied anterior tibial shear force should not be mistaken for the total shear force experienced across the knee joint, including that generated under axial impact. 39 A post hoc power analysis employing average ACL strain levels for all experiments (a total of 163 tests including conditions that led to failure) demonstrated a statistical power of .9 with a nominal a of .05 by testing 17 specimens randomly assigned to 2 loading groups. However, the subset analysis of failure loading conditions alone resulted in limited power because of a lower number of data points. This lower number of data points at failure may limit our ability to discern a significant contribution of internal tibial rotation moment and anterior tibial shear force in generating ACL strain at failure. However, additional analysis utilizing the general linear model on all 163 loading conditions (subfailure and failure) resulted in similar trends, suggesting that abduction may be the only significant factor in elevated levels of ACL strain under simulated landings. 28 Findings indicate that the primary factor that determines ACL strain in these experiments is axial impact. This cause and effect relationship is demonstrated by a predictable spike in ACL strain following axial impact in all cases tested (Figure 3) , reaching the peak value. Other axes of loading certainly act to mediate the magnitude of ACL strain under axial impact, as described.
Knee abduction load is an important factor in ACL injuries. 15, 20, 32, 50, 58 In our study, 47% of ACL injuries occurred under combined loading conditions (anterior tibial shear, knee abduction, and internal tibial rotation), indicating that knee abduction in combination with other modes of loading leads to high ACL strain and injury. These findings reinforce the assertion that multiplanar loading is a likely mechanism of ACL injuries (Figure 4) . Previous studies have also considered combined multiplanar loading to be the worst-case scenario for ACL injuries. 26, 52 Evaluation of injury patterns in the femur and tibia demonstrated damage to the midlateral femoral condyle in 5 cases in addition to 3 specific groups of tibial plateau injuries (to both cartilage and subchondral bone) in 11 cases. These injuries were all located at the middle to posterior portion of the lateral tibial plateau with only 1 bicondylar injury.
Valgus rotation of the tibia will increase the lateral compression of the femur and tibia, 29, 47 which can often lead to serious damage of the cartilage and subchondral bone between the femur and tibia. 25 Excessive abduction moments across the knee joint during impact because of landing may cause extensive bony damage in the tibial plateau, as demonstrated by specimens tested in this study. Knee abduction moment seems to be the causative factor in specimens with cartilage damage and bony depression located in the midlateral tibial plateau, as all the specimens with group I injuries were tested under the loading group focused on knee abduction moment. Internal rotation of the tibia acts to translate the position of contact between the lateral femoral condyle and tibial plateau toward the posterolateral tibial plateau. 29 Also, coupled valgus rotation of the internally rotated tibia 53 will act to shift loading to the lateral side of the tibiofemoral joint. Combined knee abduction and internal tibial rotation result in compressive impact loading of the posterolateral corner on the tibial plateau against the lateral femoral condyle. 47 This compression combined with axial impact loading across the joint during vertical landing can generate bone bruises on the posterolateral corner of the tibia 47, 49 or even bony fractures under more severe conditions. This theory was supported by the cartilage damage and depression of the subchondral bone across the posterolateral tibial plateau in specimens that tested under the loading group focused on the internal tibial rotation moment. Damage to the posterior aspect of the lateral meniscus was also observed in these specimens. These findings, in addition to the results of x 2 statistical analysis, support a strong association between the location of the tibial plateau injuries and ACL injury mechanisms. It must be noted that in our work, depression of the subchondral bone occurs with elevated frequency to what might be expected clinically. Bony depressions documented in this work were observed as osteochondral disruptions, resulting in depression of the surface of the tibial plateau without bony fragments or obvious fissures. It is uncertain whether this phenomenon is because of compromised mechanical properties of cadaveric tissue or increased severity of loading. In either case, it is probable that what appears as a subchondral bone depression in this work represents bone bruises or contusions in an in vivo model. Such observed tissue damage may correspond to microfractures of subchondral bone 48, 54 that may be difficult to detect under current imaging modalities and may well be interpreted as bone bruises. Further, the detection of tissue damage indicative of a bone bruise would be challenging in the absence of the in vivo tissue response to trauma. The correlation between the location of tissue damage observed in this study and that observed clinically is highly compelling evidence that can be derived from this experimental model.
A primary strength of this study is the development and utilization of a novel testing method that can accurately and reproducibly generate a range of clinically relevant ACL injuries. A clinically relevant 17 distribution of soft and hard tissue failure characteristic of ACL injuries including partial and complete tears of the ACL and MCL as well as damage to the menisci, articular cartilage, and PLC was observed. Detailed attention to realistic impact parameters relative to sports injuries including body mass, drop height, and loading interface helped to generate an in vitro load time history similar to in vivo ground-reaction force data ( Figure 3 ) measured by force plates during a landing from a jump task (unpublished data collected by Hewett et al).
As with all experimental studies, this work does have inherent limitations. While bony injuries were consistently seen in clinically relevant locations associated with tibial bone bruises, injury severity indicates that in some cases, higher magnitudes of loading may have been applied than are typically observed in real-world injuries. Shin et al 52 have reported knee abduction moments up to 51 NÁm and internal tibial rotation moments up to 30 NÁm during noninjurious landings. 52 However, higher magnitudes of the abovementioned loads were applied to simulate the high-risk injury conditions. Further, mechanical properties of the cadaveric tissue may have led to increased severity of tissue damage; thus, depression of subchondral bone in our cadaveric model may represent bone bruises under in vivo conditions. Further refinement of our testing protocol may help to more closely reproduce clinically observed injury patterns. Care was taken to understand these limitations during the interpretation of our findings. Avulsion failure of the ACL at the tibial attachment is not reflective of commonly reported injuries among young athletes but tends to be more common in studies that employ cadaveric tissue. 38 While care was taken to identify any obvious damage to the specimens between loading conditions, inherent cumulative microdamage associated with injury biomechanics may have resulted in increased severity of tissue damage and elevated ACL strain levels at failure. Moreover, because of challenges associated with the determination of the exact yield (failure) of ACL strain during tested loading conditions, the peak calculated strain value under the loading that leads to failure was reported as the most appropriate measure of ACL strain at failure. Further, the high magnitudes of calculated peak ACL strain at failure may be indicative of complete tissue disruption or accumulated microdamage across the ACL prior to failure. However, calculated ACL strains before and after testing (subfailure) were not observed to differ by greater than 2% strain, suggesting that no substantial damage was sustained by the ACL before the failure loading condition. These factors present challenges in conducting robust parametric studies for high-rate mechanical characterization on any single specimen. As a result, increasing the sample size may improve our ability to resolve trends within our results. Ongoing efforts to utilize an experimentally validated finite element model 27 will help us to further interpret these findings where experimental measurements were not possible such as stress and strain distributions under injurious conditions.
CONCLUSION
To the authors' knowledge, this work represents the first study to both consistently generate ACL failures under impact conditions and to generate a physiological distribution of tissue damage realistic of clinically observed injuries. Data from this study indicate that the most critical dynamic loading conditions that lead to ACL failure include a combination of anterior tibial shear force, and knee abduction and internal tibial rotation moments under axial impact. The current findings highlight the significant role of knee abduction moment on ACL injury. While no distinct relationship between ACL disruption patterns and loading conditions was observed, the location of the tibial plateau injuries was shown to be significantly dependent on applied loading conditions. It was demonstrated that cartilage damage along with depression of the subchondral bone across the midlateral tibial plateau is mainly associated with knee abduction moments. Further, damage to the articular cartilage in addition to subchondral bone depression across the posterolateral aspect of the tibial plateau is mainly associated with internal tibial rotation moments. Resultant injury (both articular cartilage and subchondral bone) locations were similar to clinically observed bone bruise patterns across the tibial plateau during actual cases of noncontact ACL injuries. A better understanding of ACL injury mechanisms may provide insight that would improve current preventive, surgical, and rehabilitation strategies, thus limiting the risk of ACL and secondary injuries. Such measures may in turn minimize associated posttraumatic knee osteoarthritis.
